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ABSTRACT
We present an in-depth spectral and timing analysis of the Black Hole binary 4U 1630-
472 during 2016 and 2018 outbursts as observed by AstroSat andMAXI. The extensive
coverage of the outbursts with MAXI is used to obtain the Hardness Intensity Dia-
gram (HID). The source follows a ‘c’-shaped profile in agreement with earlier findings.
Based on the HIDs of previous outbursts, we attempt to track the evolution of the
source during a ‘super’-outburst and ‘mini’-outbursts. We model the broadband energy
spectra (0.7−20.0 keV) of AstroSat observations of both outbursts using phenomeno-
logical and physical models. No Keplerian disc signature is observed at the beginning
of 2016 outburst. However, the disc appears within a few hours after which it remains
prominent with temperature (Tin) ∼ 1.3 keV and increase in photon index (Γ) from
1.8 to 2.0, whereas the source was at a disc dominant state throughout the AstroSat
campaign of 2018 outburst. Based on the HIDs and spectral properties, we classify
the outbursts into three different states - the ‘canonical’ hard and soft states along
with an intermediate state. Evolution of rms along different states is seen although no
Quasi-periodic Oscillations (QPOs) are detected. We fit the observed spectra using a
dynamical accretion model and estimate the accretion parameters. Mass of the black
hole is estimated using inner disc radius, bolometric luminosity and two component
flow model to be 3−9 M⊙. Finally, we discuss the possible implications of our findings.
Key words: accretion – black hole physics – stars:individual:4U 1630-47
1 INTRODUCTION
An in-depth understanding of accretion process in the ex-
treme physical realm of strong gravity can be obtained
by studying the X-ray binaries (XRBs), which readily ac-
cord us with an astrophysical laboratory. In these sys-
tems, a compact object, like a neutron star or a black
hole, accretes matter from a companion star. This accretion
can take place through stellar winds or Roche lobe over-
flow in High mass X-ray binaries (HMXB) and Low mass
X-ray binaries (LMXB) respectively (Bildsten et al. 1997;
Corral-Santana et al. 2016). Most of the LMXBs are tran-
sient in nature wherein the source flux increases above the
detection level after a prolonged period of inactivity (i.e.,
quiescence phase) (Lewin & Livingston 1995; Bildsten et al.
⋆ E-mail: blessy.elizabeth65@gmail.com
1997). These outbursts can last from weeks to months
before the source gradually fades into quiescence. How-
ever, the frequency and duration of these outbursts varies
from source to source, or sometimes even between differ-
ent outbursts of the same source itself (Homan et al. 2001;
Belloni et al. 2005; Lewin & van der Klis 2006; Nandi et al.
2012; Sreehari et al. 2018, and references therein). Detailed
spectro-temporal analysis of the XRBs can help us to un-
derstand the physical processes which drive these outbursts,
providing pointers on the nature of the source itself.
The energy spectrum of a black hole (BH) source is gen-
erally modelled by a non-thermal component attributed to a
geometrically thick, optically thin corona (Tanaka & Lewin
1995; Narayan & Yi 1995; Chakrabarti & Titarchuk 1995)
and a thermal component corresponding to a geometrically
thin, optically thick Keplerian disc (Shakura & Sunyaev
1973). The disc radiates at different temperatures at differ-
ent radii giving rise to a multi-colour blackbody spectrum,
c© 2020 The Authors
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which is considered to be the source of the thermal emission
at lower energies. The variation of X-ray flux is tracked in the
Hardness Intensity Diagram (HID), which is a plot of inten-
sity with the hardness ratio i.e., the ratio of flux in the hard
band to soft band, plotted in the log-log scale (Homan et al.
2001). The HID traces out a ‘q’ shaped profile for a complete
outburst in most of the sources (Maccarone & Coppi 2003;
Fender et al. 2004; Homan & Belloni 2005; Nandi et al.
2012; Motta et al. 2012; Nandi et al. 2018; Radhika et al.
2018; Sreehari et al. 2019, and references therein). Based
on the spectral and temporal properties, the sources are
seen to evolve from the Low-Hard State (LHS) to the
High-Soft Sate (HSS) through the Hard-Intermediate State
(HIMS) and the Soft-Intermediate State (SIMS), after which
it goes back to the LHS following the reverse order, al-
though the SIMS is not seen during the decay phase for
a few sources (Homan & Belloni 2005; Motta et al. 2009;
Fender et al. 2009). Aperiodic variabilities in the X-ray light
curve give rise to narrow features in the Power Density Spec-
tra (PDS) called Quasi-periodic Oscillations (QPOs). C-type
QPOs (Casella et al. 2005) are almost exclusively found in
the LHS and HIMS, whereas A and B-type QPOs are seen
mostly in SIMS (Homan et al. 2001; Homan & Belloni 2005;
Radhika et al. 2016) while an absence of QPOs is seen in
the HSS. An alternative state classification proposed by
Remillard & McClintock (2006) only identifies three ‘stable’
states, namely the thermal dominant state (i.e., HSS), LHS
and a steep power law (SPL) state. The intermediate states
are considered to represent transitions between the ‘canoni-
cal’ states. Additional regimes were earlier proposed, before
the introduction of the SIMS and HIMS, to explain the case
where the inner disc radius does not remain constant as
seen in the canonical soft state and the relation between lu-
minosity and disc temperature does not follow the standard
L ∝ T 4in relation (Kubota et al. 2001; Kubota & Makishima
2004; Abe et al. 2005). However, further studies on the prop-
erties of the source during these ‘regimes’ in light of re-
cent classification schemes (Remillard & McClintock 2006;
Belloni 2010), is hindered by lack of continuous data during
outbursts and statistical limitations.
4U 1630-472 is a recurrent X-ray transient discovered by
Uhuru (Jones et al. 1976) while the first detection of an out-
burst was recorded in 1969 by Vela 5B (Priedhorsky 1986).
Although the binary orbital period, the nature and mass of
its companion remain unkown, its X-ray spectral and timing
behaviour indicate that the source is a black hole candidate
(Remillard & McClintock 2006), supporting the earlier clas-
sification by Tanaka & Lewin (1995). Ever since its discov-
ery, the source has been found to undergo quasi - periodic
outbursts with a recurrence time of approximately 600 days
(Parmar et al. 1995). 4U 1630-472 has a high absorption col-
umn density (NH ∼ 8× 10
22 at. cm−2) (Smith et al. 2002;
Ueda et al. 2010) and no optical counterpart has been iden-
tified till now, which makes it difficult to estimate the mass
and distance of the source. Detection of dips in the 1996
lightcurve suggested a high inclination system with i = 60−
70
◦ (Kuulkers et al. 1998; Tomsick et al. 1998; Seifina et al.
2014; King et al. 2014). Augusteijn et al. (2001) reported a
possible detection of an infrared counterpart during the 1998
outburst, concluding that it is a black hole binary which
could be similar to GRO J1655-40 or 4U 1543-47, with a
relatively early type star or a Be star as the secondary
star. Based on the quiescent luminosity obtained at the end
of the 2010 outburst and IR variability, an orbital period
greater than ∼ 20 hrs ranging upto a few days is expected
(Augusteijn et al. 2001; Tomsick et al. 2014). An indirect es-
timation of mass by Seifina et al. (2014) puts the mass of the
compact object at 10±0.1 M⊙ based on the relation between
the spectral index and mass accretion rate and spectral
index and low frequency QPO (Shaposhnikov & Titarchuk
2009). The high absorption places the lower limit of the
distance at > 10 kpc while the infrared data analysis re-
veals the source to lie in the direction of a giant molecu-
lar cloud which is at a distance of 11 kpc. By analysing
the dust scattering halo of 4U 1630-47 using the 2016 data
from Chandra and Swift, Kalemci et al. (2018) have esti-
mated the distance as 11.5 ± 0.3 kpc at the far distance
estimate and 4.7 ± 0.3 kpc with the near distance estimate
which is less favourable. Reflection continuum modeling sug-
gests that the source hosts a maximally rotating black hole
(King et al. 2014). Recently, Pahari et al. (2018) obtained
the spin of the compact object as 0.92+0.02
−0.01 by continuum
modelling of the spectra obtained using Chandra and As-
troSat, when the source was in the soft state during the
2016 outburst. Till date, 4U 1630-472 has undergone more
than 25 outbursts in the ∼ 50 years since its detection. At
the time of writing this manuscript, the source is found to
be in another outburst. Some of the outbursts consist of
more than one flaring episode which can last for several
years going upto intensities of ∼ 0.8 Crab (Tomsick et al.
2005) called ‘super’-outbursts. Four such outbursts have
been seen till date (Share et al. 1978; Parmar et al. 1997;
Tomsick et al. 2005). The more frequent type of outbursts
are the ‘mini’-outbursts which typically last for ∼ 100−200
days and emit at a peak flux of < 0.5 Crab (Abe et al. 2005;
Tomsick et al. 2005). Lack of bright hard states along with
an absence of QPOs is also reported for this source dur-
ing these outbursts (Abe et al. 2005; Tomsick et al. 2014;
Capitanio et al. 2015). However, the 1998 outburst is an ex-
ception as state transitions were clearly seen along with the
detection of QPOs (Trudolyubov et al. 2001; Seifina et al.
2014), although the outburst lasted only for ∼ 100 days. The
HID of these outbursts do not follow the typical ‘q’ profile.
The 1998 outburst and the ‘super’-outburst of 2002− 2004
trace out a ‘c’-shaped profile in the HID (Tomsick et al.
2005). Similar profile is seen for the ‘mini’-outbursts of 2006,
2008 and 2010 outbursts with quick hard to soft transitions
(Capitanio et al. 2015).
In this work, we undertake a comprehensive analysis of
2016 and 2018 outbursts observed with AstroSat andMAXI.
This provides us the opportunity to perform broadband
spectral modelling (0.7−20.0 keV) for this source. We have
used the HIDs obtained from MAXI and RXTE/PCA from
the 1998, 1999 and 2002-2004 outbursts to comment on the
markers for state transition and attempt to present a global
picture for the evolution of the source during the outburst.
Based on the HID and the spectral and timing properties, we
classify each outburst into different states. The HIDs from
previous outbursts are also used to highlight the difference in
evolution of the source during a ‘super’-outburst and ‘mini’-
outburst. We attempt to constrain the mass of the compact
object in 4U 1630-472 using the flux obtained during the
state transitions. Mass is obtained as a function of a dis-
tance where we consider the source to be emitting at Edding-
MNRAS 000, 1–16 (2020)
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Figure 1. Source region within radius of 10 arcmin is considered for extraction of spectrum for SXT. The left image corresponds to
Obs 1, where the source is very faint at the beginning of the 2016 outburst. The right image corresponds to Obs 3, which is taken ∼ 11
hours apart. It is clear that the source has considerably brightened in this duration. As no pile-up effects were observed, the exclusion of
central 1 arcmin region was not performed (see text for details). The colour map at the bottom shows the source intensity for SXT in
cts pixel−1.
ton luminosity. Broadband spectra are modelled using two-
component advective flow model (Chakrabarti & Titarchuk
1995; Chakrabarti & Mandal 2006) to understand the ac-
cretion flow dynamics. We also attempt to probe the evolu-
tion of the source during the ‘super’-outbursts and ‘mini’-
outbursts based on the HIDs.
In Section 2, we provide the details of observations and
the data reduction methods used. In Section 3, we describe
the spectral and timing analysis with the models applied.
Results of this analysis along with the outburst profile and
HID of both outbursts are presented in Section 4 along with
the estimation of mass of the black hole by different meth-
ods. In Section 5, we present a comparison of HIDs of dif-
ferent outbursts highlighting their similarities and also com-
ment on the spectral and temporal evolution of the source
during a ‘mini’-outburst. Finally, we summarize our conclu-
sions in Section 6.
2 OBSERVATIONS AND DATA REDUCTION
AstroSat (Agrawal 2006; Singh et al. 2014) observed the
source 4U 1630-472 between 2016 August 27 − 2016 October
2 for a total of 4 days. Guaranteed Time (GT) observations
were undertaken on August 27 and September 28. Follow
up observations on October 1 & 2 were performed as part of
its Target of Opportunity (ToO) campaign. The subsequent
outburst of 4U 1630-47 was observed from 2018 August 4 −
2018 September 17 as part of AstroSat’s ToO campaign for
a total of nine days. The source was monitored continuously
by MAXI during both outbursts. Continuous observations
of the source were also performed by Swift/BAT, except for
a few days between 2018 September 9 and September 20.
MAXI and Swift/BAT lightcurves of the source were also
extracted for both outbursts.
2.1 MAXI and Swift/BAT
MAXI one-day averaged light curve1 in the 2−20 keV range
was analysed to obtain the outburst profile during 2016 and
2018 outbursts. Light curves were also obtained in the ranges
2− 4, 4− 10 keV, 10− 20 keV from MJD 57572 to 58450
to plot the hardness ratios with time. Light curves in the
energy range 2−6 keV and 6−20 keV were used to obtain the
hardness ratio to plot the HID. One-day averaged light curve
with Swift/BAT2 in 15−50 keV was extracted to obtain the
light curve during both outbursts in the hard energy range.
2.2 AstroSat
AstroSat is a multi-wavelength space observatory equipped
with four co-aligned instruments to carry out broadband
temporal and spectral studies of cosmic sources, namely,
Soft X-ray Telescope (SXT ) (Singh et al. 2014, 2017), Large
Area X-ray Proportional Counter (LAXPC ) (Yadav et al.
2016; Antia et al. 2017), Cadmium Zinc Telluride Imager
(CZTI ) (Vadawale et al. 2016) and the Ultra Violet Imag-
ing Telescope (UVIT ) (Tandon et al. 2017). Apart from
these, the Scanning Sky Monitor (SSM ) (Seetha et al. 2006;
Ramadevi et al. 2017) scans the sky for X-ray events at all
times. In this work, we extensively used broadband observa-
tional data from SXT and LAXPC instruments.
2.2.1 SXT
SXT has capabilities of X-ray imaging and spectroscopy in
the 0.3−8.0 keV energy range in two modes : Fast Window
(FW) mode and the Photon Counting (PC) mode. PC mode
1 http://maxi.riken.jp/mxondem
2 https://swift.gsfc.nasa.gov/results/transients/
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data was used for all the observations except for 2016 Oc-
tober 1−2 where FW mode data was used to avoid pile-up
issue in anticipation of higher count rate in the soft energy
band as the source was expected to be in the soft state. The
Level-1 imaging data is processed off-line through a pipeline
software to obtain Level-2 cleaned event files for each indi-
vidual orbit. XSELECT V2.4d was used in HEASOFT 6.21 to
extract light curve and spectra using the cleaned event files.
We first considered a 16 arc min source region as suggested
for PC mode data3. As the count rate was < 40 cts/s, pile
up effects were not observed and hence exclusion of 1 arcmin
central source region was unnecessary. We merged the data
from a few orbits in which the count rate and hardness ra-
tios did not vary appreciably to generate the event file using
the sxtevtmerger script. For the first day of observation of
2016 August 27, three data groups were obtained separated
from the first group by ∼ 6 hrs and ∼ 11 hrs respectively. We
refer to these three data sets as Obs 1 (MJD 57627.05), Obs
2 (MJD 57627.47) and Obs 3 (MJD 57627.69) (see Table 1).
The criteria for data selection was a minimum exposure time
of 1 ks in SXT where the source count rate is atleast a factor
of 2 greater than the blank sky background and for which
simultaneous observations with LAXPC were available. We
obtained a total count rate of ∼ 0.3 cts/s considering a 16
arcmin source radius for Obs 1. As the source contribution
beyond the 10 arcmin radius was < 30%, we used a 10 arcmin
region centred around the source as the optimum case with
count rate of ∼ 0.23 cts/s. The count rate increased to 1.6
cts/sec for Obs 3. The SXT image for Obs 1 and 3 are shown
in Figure 1 along with the chosen source region. It clearly
shows that the source brightened by factor > 10 within this
duration. For 2016 October 1−2 FW mode data, 3 arcmin
source region was considered encompassing more than 70%
contribution from the source. The response file provided by
the SXT team for PC mode and FW modes were used4,
wherever applicable. Appropriate arf files provided by the
SXT team were used where the source was at the centre of
the Field of View (FOV). In cases where an offset was ob-
served, sxtmkarf script was used to generate the ancillary
response file. Blank Sky observations were used to generate
the background spectrum. SXT spectra were binned with a
grouping of 20 counts per bin for better statistics.
2.2.2 LAXPC
LAXPC consists of three identical X-ray proportional coun-
ters (LAXPC10, LAXPC20 and LAXPC30 ) with absolute
time resolution of 10 µs in the energy range 3.0−80.0 keV
(Yadav et al. 2016; Agrawal et al. 2017; Antia et al. 2017).
LAXPC data is obtained in Event Analysis mode which is
analysed using LAXPC software5. We used only LAXPC20
for the timing and spectral analysis as LAXPC30 was off
and LAXPC10 was operating at a low gain during the time
of the 2018 observations. Individual orbits were merged to-
gether to satisfy the selection criteria of > 4 ks for LAXPC
data, where the count rates and hardness ratios remain sta-
ble. From the 2016 and 2018 outburst data, 7 and 11 data
3 www.tifr.res.in/~astrosat_sxt/dataanalysis.html
4 http://astrosat-ssc.iucaa.in
5 http://www.tifr.res.in/~astrosat_laxpc/LaxpcSoft.html
sets are respectively chosen based on good exposure time
(see Table 1). Due to probable contamination by the nearby
source IGR J16320-4751, we do not consider the LAXPC
data for Obs 1 and 2. Also, depending on the estimated
contribution from IGR J16320-4751 source, we restrict the
data analysis upto 10 keV, 13 keV or 20 keV for different
ObsIDs (see Section 2.3 and Appendix A for details). We
used laxpcsoftv2.5 released on 2018 August 6, to obtain
the lightcurve and energy spectra. LAXPC has proved an
invaluable resource in aiding the spectro-temporal studies of
various sources (Misra et al. 2017; Sreehari et al. 2019). We
follow these papers and the instructions provided with the
LAXPC data reduction software. We consider only the top
layer of the detector and discard multiple detections of a
single event to obtain the spectrum. Details of the response
and background generation are found in Antia et al. (2017).
Background was generated with the gain shift applied to
align the background spectra with the source spectra using
the backshiftv2.e code. Different background models are
provided by the LAXPC team for each month of operation,
from which the background model closest to the observa-
tion dates were chosen. However, four different backgrounds
were provided for the month of August 2018 due to varia-
tion in background rate, corresponding to August 2, 8, 12
and 15. The background for 2018 August 15 was chosen for
all the observations. The details of the ObsIDs and exposure
times of the observations are presented in Table 1. Analy-
sis and modelling procedure of LAXPC spectra is further
elaborated in Section 3.
2.3 Contamination of AstroSat data by nearby
persistent source IGR J16320-4751
4U 1630-472 lies in a crowded region of Galaxy where hard
X-ray sources are found in close proximity to each other
(Rodriguez et al. 2003). LAXPC on-board AstroSat has a
collimated FOV of 0.9◦×0.9◦ at FWHM (Antia et al. 2017).
Thus, it is essential to ensure that the data obtained dur-
ing AstroSat campaign was free from such a contamina-
tion. Images obtained with SXT were checked for each or-
bit to confirm that other sources within the SXT FOV did
not contribute to the low energy flux (0.3− 8 keV). There
are two persistent sources close to 4U 1630-472, namely,
IGR J16320-4751 (=AX J1631.9-4752) and IGR J16393-
4643, which could contaminate the LAXPC spectrum. IGR
J16393-4643 lies at an angular separation of more than 1◦
from 4U 1630-472 and hence is excluded as a possible candi-
date for contamination. However, as IGR J16320-4751 (here-
after referred to as IGR) lies 0.58◦ away from 4U 1630-4751
(Rodriguez et al. 2006), this source lies close to the edge of
the LAXPC FOV at FWHM. The contribution could be
more significant in the higher energy band as the FOV is
quoted to be 1◦×1◦ at E > 50 keV (Antia et al. 2017). There-
fore, we adopt a two way approach to deal with this issue.
The first is using pulsation studies to confirm the detection
of the IGR source along with its relative strength (see Ap-
pendix A for details). The second approach is to quantify the
contribution from this source to the total source spectrum
by generating simulated spectrum using an off-axis response
based on the previous studies of IGR source.
IGR is a hard, persistent source thought to be a pul-
sar emitting at a pulse period of ∼ 1310 s (Rodriguez et al.
MNRAS 000, 1–16 (2020)
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Figure 2. Simulated LAXPC spectra for IGR source at an offset of 0.58◦ from the center using the off-axis response plotted for flaring
and non-flaring cases (Rodriguez et al. 2006) along with the source spectrum obtained for 2016 August 27 (Obs 3) and 2018 September
17 (Obs 18).The model considered for obtaining the simulated spectrum is wabs*edge*(highecut*powerlaw). See text and Appendix A
for details.
2006). Therefore, it is likely that this source contributes at
the higher energy spectra obtained using LAXPC. Energy
dependent lightcurves of both sources were obtained from
the Swift/BAT team on request as both sources remain qui-
escent for most of the duration of 2016 and 2018 outbursts
(private communication with Amy Lien and Hans Krimm).
We also looked for simultaneous data for the IGR source us-
ing different high energy instruments. Although INTEGRAL
observations exist during August 2016 for both sources, they
cannot be used for detailed spectral analysis as the observa-
tions are in slew mode (private communication with Carlo
Ferrigno).
Therefore, for all the observations, we check for the
reported ∼ 1300 s pulsation in the 3− 80 keV LAXPC
lightcurve. This is used to obtain the pulse fraction from
which the probable contribution from the IGR source is es-
timated. The details of the pulsation studies and the am-
plitude strengths are provided in Appendix A. Constraints
on pulsation could not be obtained for Obs 1 & 2 due to
less exposure time and low counts. For all the other ob-
servations, pulsation studies proved beyond doubt that the
spectrum was contaminated by the IGR source at varying
levels for different observations. We consider the ObsIDs for
which the percentage of contribution from IGR source is
found to be less than 5% to be relatively free from con-
tamination. However, to further consolidate our results, we
generate the simulated spectrum for IGR considering the
unlikely flaring case with a 2− 10 keV flux of 2.4× 10−10
ergs cm−2 s−1 (Rodriguez et al. 2006) using the off-axis
response and compare it with the spectra obtained from
LAXPC. The model used to generate the simulated spec-
trum is wabs*edge*(highecut*powerlaw). The expected count
rate for the IGR source using off-axis response in the 3−80
keV band was close to 20 cts/s for the flaring case. This cor-
responds to a contribution of > 20% for Obs 1 & 2 where
the count rates are very low. Hence, we choose to discard
LAXPC data for Obs 1 & 2. For the rest of the observations,
we check for the relative contribution from the IGR source
for each observation individually. In Figure 2, we present two
cases. The first corresponds to the case where the source re-
mained quiet in the 15− 50 keV range as seen in Figure 3
and second corresponds to the high energy activity seen in
Swift/BAT lightcurve. The spectra for the non-flaring case
is also shown for comparison. However, we consider the un-
favourable flaring case in order to exclude any possibility of
contamination from the IGR source. It is clearly seen from
Figure 2 that the IGR source dominates above 13 keV in the
first case (for e.g., Obs 3, left panel) and above 25 keV in
the second (for e.g., Obs 18, right panel). Therefore, for the
ObsID’s where the contamination is less than 5% (see Table
A.1 in Appendix A), we consider LAXPC spectra upto 13
keV exercising extreme caution. We also perform spectral fit-
ting for the source spectrum considering the simulated IGR
spectrum as background. It was found that the spectral pa-
rameters remain unchanged upto 13 keV for cases where the
IGR contribution is ≤ 10% in comparison with the constant
background subtracted spectra and upto 10 keV for cases
where IGR contribution is more than 10%. For the last two
ObsIDs, we could obtain good spectra upto 20 keV consid-
ering the brightness of the source in the hard energy band
and the IGR spectra subtraction method (see Figure 3 and
Tables A.1, A.2). Therefore, for spectral analysis, we con-
sider LAXPC spectra upto 10 keV for Obs 3, 10-12 & 16,
upto 13 keV for Obs 4-7, 8-9, 13-15 and upto 20 keV for Obs
17-18 (see Table A.1 for a summary on source contribution
and consideration of energy bands). However, for uniformity,
timing analysis is performed in the 3−10 keV range.
3 ANALYSIS AND MODELLING PROCEDURE
3.1 Spectral Analysis
AstroSat provides us an opportunity to model the broad-
band spectra of 4U 1630-472 source. To understand the evo-
lution of the spectral parameters with time during 2016 and
2018 outbursts, we attempt to model the spectra using phe-
nomenological and physical models. XSPEC version 12.9.1 is
used to perform the fits.
The combined spectra of SXT and LAXPC were mod-
elled in three different energy bands for different ObsIDs
i.e., 0.7− 10 keV, 0.7− 13 keV and 0.7− 20 keV based on
the pulsation studies and estimates of relative contribution
MNRAS 000, 1–16 (2020)
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from IGR source (see Table A.1 and Table 1). The gain com-
mand is used to modify the SXT response file linearly. The
slope is fixed to 1 and the offset is allowed to vary. Obs 1
& 2 are modelled using phabs × powerlaw model using only
SXT data as LAXPC data are contaminated by the IGR
source as mentioned in Section 2.3. No additional disc com-
ponent was required implying that the source was in hard
state. The NH value was obtained at 7.5 × 10
22 atoms cm−2
with a photon index of 1.82 and χ2red of 32.1/27 = 1.2. The
photon index increased to 1.91 for Obs 2. A disc compo-
nent is required for Obs 3 with photon index increasing to
2.03. For the rest of the 2016 observations and all of 2018
observations, we used an absorbed multicolour disc compo-
nent model (diskbb) (Mitsuda et al. 1984; Makishima et al.
1986), a power law component (powerlaw) and a gaussian
to fit the spectra. Power law component was not required in
the observations where spectrum was considered only upto
10 keV due to prominence of disc. The NH was obtained
at (7.3−8.13) ×1022 atoms cm−2. An edge was required at
2.44 keV for Sulphur6 in addition to the gain applied for
SXT data.
A systematic error of 1.5% is applied to each bin in the
combined fit. A normalization constant is added to account
for the difference in calibration of the instruments. The cen-
troid energy of the gaussian is restricted to be in the range
6.2−6.9 keV, wherever the component was required. The fit
values obtained from this model are given in Table 1. All the
errors are quoted at 68% confidence unless stated otherwise.
3.2 Timing Analysis
Lightcurves of 1 s bin were obtained in the 3−10 keV range
using LAXPC20 initially for all observations considered in
Table 1. For these combined orbits, we generated 0.005 s
resolution lightcurves and corresponding backgrounds. The
background varies between ∼ 6−10 cts/sec during the obser-
vations. This background was subtracted from the lightcurve
to generate the final lightcurve. We divide the lightcurve into
16384 time bins and create a power spectra for each of the
intervals. Then the power spectra are averaged to generate
the final PDS. We rebin the power spectra geometrically by
a factor of 1.05 in the frequency space. Dead time corrected
Poisson noise level was obtained following the procedure in
Agrawal et al. (2018); Sreehari et al. (2019) using the rela-
tion and values given in Zhang et al. (1995) and Yadav et al.
(2016). This dead time corrected Poisson noise subtraction
is applied to all the PDS, which are normalized to give frac-
tional rms spectra (in units of (rms/mean)2/Hz)). No con-
tribution was seen in the PDS beyond 10 Hz for all the
observations. All the PDS were modelled with a power law
in the range 0.005 to 10 Hz (see Figure 6a). Red noise is
dominant in the PDS with no significant power above ∼ 1
Hz. No QPOs were observed. During the 2016 observations,
the source count was too low in the initial observations re-
sulting in noisy PDS making it difficult to check for the
presence of QPOs. Total rms values were obtained in the
frequency range 0.005−10 Hz. Although the LAXPC data
for Obs 2 is discarded due to possible contamination by the
nearby IGR source (see Section 2.3), the rms value for this
6 http://www.iucaa.in/~astrosat/kps_a01_sxt.pdf
particular observation is presented for continuity sake. How-
ever, the number quoted is only for reference and should be
treated thus. The outburst profile and HID of the outbursts
along with spectral and temporal properties of the source
are presented in the next section.
4 RESULTS
4.1 Outburst Profile and HID
To get a comprehensive picture of the ‘mini’-outbursts of 4U
1630-472, we analyse its lightcurve in different energy bands
using MAXI and Swift/BAT. The MAXI lightcurve (2−20
keV) of the 2016 and 2018 outbursts of the source is shown
in the top panel of Figure 3. The 2016 outburst was first
detected on 2016 August 27 and the source was active for ∼
100 days before going into quiescence. After ∼ 600 days of
inactivity, the source again went into outburst on 2018 June
4 which lasted for ∼ 150 days. Both 2016 and 2018 outbursts
show similar profiles. The days of AstroSat observations are
marked as vertical green lines in Figure 3.
The flux variation observed with Swift/BAT during
both outbursts is shown in Panel 2 of Figure 3. The source
was very faint at the beginning of the outburst, but the in-
dication of a sudden rise in Swift/BAT counts is seen in
the decay phase of the outburst. This increase is more pro-
nounced in the 2018 outburst than the 2016 outburst, which
also precedes the secondary peak observed during the 2018
outburst. The flux increased ∼4 times in one day from MJD
58360 to MJD 58361. Observations are not available for the
2018 outburst between MJD 58370 and MJD 58381 due to
some technical snag in Swift/BAT (private communication
with Hans Krimm). Panel 3 of Figure 3 shows the hardness
ratio variation with time. The hardness ratio (HR) is defined
as the ratio of flux in 10−20 keV band to the flux in 4−10
keV band. At the beginning of the 2016 outburst, the HR
values are closer to ∼ 1.0 and reduce to ∼ 0.2, showing a
quick transition from hard to an intermediate state. Then
the source goes into the HSS as shown in the color bar at
the bottom of Figure 3. The source then gradually decays
to the LHS with a increase in HR values, through a rela-
tively longer intermediate state. Similar trend is followed in
the 2018 outburst, with a longer rise time than in the 2016
outburst. The source seems to evolve from hard to soft state
through an intermediate state during rise. The source stays
in the HSS for a few days. There is a rise in hardness ratios
from ∼ 0.06 to ∼ 0.1 accompanied by the onset of secondary
outburst, where the source is in the intermediate state. Fi-
nally, the source goes into the LHS with a decrease in flux
and increase in hardness ratios. The HID of both outbursts
is studied further to confirm the state transitions as inferred
from Figure 3. In Figure 4, HID obtained with MAXI for
2016 and 2018 outbursts is shown. Note that a different def-
inition of hardness ratio is used to generated the HID from
the one used in Figure 3. While the third panel in Figure 3
was used as a marker for state transition, the HID is solely
used to track the evolution of the source during the out-
burst. Due to larger uncertainties in the flux in 2− 4 keV
band in MAXI data for 2016, negative flux is reported in
some of the cases resulting in loss of data points during the
initial phase of 2016 outburst. Therefore the harder energy
MNRAS 000, 1–16 (2020)
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Figure 4. HID obtained with MAXI observation of 2016 and
2018 outbursts. The blue circles and orange triangles correspond
to MAXI data of 2016 and 2018 outbursts respectively.The un-
certainties are represented in grey. Hardness ratio is taken as
(6.0−20.0 keV/2.0−6.0 keV). The red stars and black filled crosses
represent the data obtained using AstroSat during the 2016 and
2018 outbursts respectively. The red star at the bottom corre-
sponds to Obs 3 from 2016 outburst. The arrows represent the
direction of evolution throughout the outbursts.Note that the HR
defined here is different than the one used in Figure 3 (see text
for details).
bands are used for better representation in Panel 3 of Fig-
ure 3. To track the evolution of the source in the HID, we
include lower energy bands at the cost of loss of some data
points. The observations where negative fluxes are reported
in either of the energy bands (2− 6 keV and 6− 20 keV)
are discarded. The blue circles and orange triangles repre-
sent the MAXI data during the 2016 and 2018 outbursts
respectively. The uncertainties are represented in grey. Data
points obtained using AstroSat are superimposed on it using
the red stars and black filled crosses for the 2016 and 2018
outbursts respectively. The hardness ratio decreases from
∼ 0.6 to ∼ 0.2 during the rise of the 2016 outburst along
with an increase in luminosity represented by blue circles.
The red star is the first day of AstroSat observation of the
source on 2016 August 27 corresponding to Obs 3, when it
is in a harder state. As the outburst progresses, there is a
quick transition to the HSS accompanied by an increase in
luminosity. This quick change in the HR values can also be
seen in Panel 3 of Figure 3 for the 2016 outburst. There is a
hint of further increase in luminosity along with an increase
in hardness ratios, suggesting a sudden transition into an in-
termediate state. The source then reaches the LHS through
the path indicated by the arrows ending at a lower flux than
that at the beginning of the outburst. Similar trend is seen
for the 2018 outburst represented by orange triangles. The
HIDs do not follow the typical ‘q’-profile observed for Low
mass BH XRBs as is already observed in previous outbursts
of this source (Abe et al. 2005; Capitanio et al. 2015) rather
a distorted ‘c’-shaped profile as traced out in Figure 4. The
source exists in the LHS at the bottom of the ‘c’, while the
HSS is almost exclusively found at the top end. However,
intermediate states (IMS) seem to exist everywhere except
the lower end of the HIDs. Therefore, we attempt to under-
stand the spectral and timing evolution of the source during
these states in the following sections.
4.2 Spectral Properties
As discussed in Section 3, we fitted the broadband spectra
with phenomenological models. Figure 5 shows broadband
spectra from 2 different observations each from 2016 and
2018 outbursts. The top left spectra shows the fit to Obs
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Figure 5. Broadband spectra from SXT and LAXPC are shown for two sample observations each from 2016 and 2018 outbursts for
LHS, IMS, HSS and IMS. SXT data is shown in black and LAXPC data in red. For Obs 1 (2016), only SXT data has been modelled.
1. No disc component is required, indicating that the source
was in a ‘canonical’ hard state which is also inferred from the
HR values in Figures 3 and 4. For Obs 3, separated by 11 hrs,
the disc component is required to obtain a good fit (χ2red =
1.09) with a disc temperature of 0.79 keV and a normaliza-
tion of ∼ 179 (see Table 1 and top right spectra in Figure 5).
Photon index (Γ) increased from 1.8 to 2.0 during the first
3 observations of 2016 observations after which the disc be-
came more prominent. The disc temperature increased from
0.79 keV to 1.36 keV accompanied by rise in photon index,
signalling the transition from hard to soft state. For the 2018
outburst, the disc temperature was in the range 1.25−1.38
keV with power law index reducing to from 2.8 to 2.09 in the
last three observations where the source seems to have tran-
sitioned to brighter IMS corresponding to the rise in BAT
lightcurve (see Figure 3 and bottom spectra in Figure 5).
All the NH values lie between (7−8.5)×10
22 atoms cm−2
(see Table 1). The photon index increases from 1.8 to ∼ 2.0
as the source progresses from the LHS to IMS, with the disc
emerging in prominence thereafter as it transits to HSS dur-
ing the 2016 outburst. The disc temperature remains fairly
constant (1.25−1.38 keV) for all the observations except for
the IMS in 2016. In Section 5, we comment on the evolution
of the source during different states and attempt to explain
it in the context of other physical models.
4.3 Temporal Properties
All the PDS are well modelled by a power law (AE−β ), where
A is the normalization and β is the index of the power law.
No additional component was required. No QPOs were ob-
served during the AstroSat campaign of both outbursts. Fig-
ure 6a shows the PDS in the rms space obtained for HSS
and IMS of 2018 outburst modelled with a power law for
representation. Evolution of the PDS is clearly seen with
rms increasing from HSS to intermediate states (Figure 6a).
Variation of rms with flux is plotted in Figure 6b. The rms
decreased from 11.6% in Obs 2 and 7% in Obs 3 of 2016 out-
burst to 4.9% in the later observations as the source moves
to HSS. Total rms decreased from 7% to 4.9% as the source
moved from IMS to HSS during the 2018 outburst. An in-
crease in rms was again observed during the decay from 5.1%
to 9.8%. In Figure 6b, we mark the probable transition of
the source between states during the rise and the decay. The
evolution of rms with different states is discussed in detail
in Section 5. Solid arrows show the evolution of the source
during outburst. Wherever observations are not available,
we extrapolate the values based on the observed trend and
previously obtained values for other outbursts (Dieters et al.
2000; Trudolyubov et al. 2001). This is shown by the dotted
arrows in Figure 6b.
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Table 1. Fit parameters using the model phabs × (diskbb+gaussian+powerlaw). The errors are quoted with 68% confidence.
Date Obs MJD Eff. Exp. (ks) NH Γ Eline Tin Normdisk Flux0.7−20.0 χ
2
red
(ObsID) SXT LAXPC (at./cm2) (keV) (keV) (×10−8ergs cm−2 s−1) (χ2/do f )
2016
Aug 27 (0626) 1 57627.05 3.8 - 7+2
−1
1.8+0.7
−0.6 - - - 0.030±0.003 1.2 (32.1/27)
2 57627.47 5.3 - 7.3+0.5
−0.6 1.9
+0.1
−0.2 - - - 0.081±0.001 1.24 (145/116)
3 57627.69 3.8 10.4 8.5+0.2
−0.2 2.0
+0.1
−0.2 6.8
l
0.79+0.03
−0.01 179
+39
−16
0.27±0.01 1.07 (192/179)
Sep 28 (0686) 4 57659.04 5.1 9.6 7.2+0.1
−0.1 2.25
+0.02
−0.03 6.3
l
1.36+0.01
−0.01 222
+10
−9
1.79±0.01 1.20 (447/372)
Sep 29 (0686) 5 57660.14 1.0 9.1 7.5+0.2
−0.2 2.65
+0.02
−0.02 6.8
l
1.32+0.01
−0.01 206
+16
−14
1.55±0.02 1.16 (392/338)
Oct 1 (0698) 6 57662.40 2.5 5.6 7.9+0.2
−0.1 2.44
+0.01
−0.01 6.2
l
1.35+0.01
−0.01 227
+16
−12
1.54±0.02 1.32 (519/391)
Oct 2 (0698) 7 57663.03 1.9 9.8 7.8+0.1
−0.2 2.38
+0.03
−0.03 6.2
l
1.36+0.01
−0.01 235
+16
−17
1.62±0.01 1.20 (401/335)
2018
Aug 4 (2274) 8 58334.55 1.9 4.2 7.9+0.1
−0.2 2.19
+0.01
−0.01 - 1.29
+0.01
−0.004 296
+6
−18
1.74±0.01 1.2 (541/444)
9 58334.75 2.6 9.4 7.9+0.1
−0.1 2.25
+0.01
−0.01 - 1.30
+0.003
−0.01 291
+7
−8
1.79±0.02 1.2 (549/467)
Aug 7 (2282) 10 58337.29 1.5 6.1 7.5+0.1
−0.1 - - 1.38
+0.01
−0.01 224
+8
−7
1.58±0.02 1.2 (509/422)
Aug 10 (2294) 11 58340.27 1.3 6.5 7.8+0.1
−0.2 - - 1.33
+0.01
−0.003 256
+6
−12
1.56±0.02 1.1 (446/391)
Aug 11 (2298) 12 58341.86 2.8 8.1 7.7+0.1
−0.1 - - 1.34
+0.0
−0.003 244
+4
−8
1.48±0.01 1.2 (597/473)
Aug 14 (2304) 13 58344.18 1.2 9.5 7.8+0.1
−0.2 2.22
+0.02
−0.01 - 1.26
+0.01
−0.01 306
+13
−18
1.58±0.02 0.98 (370/376)
Aug 20 (2318) 14 58350.86 2.5 7.5 8.08+0.02
−0.05 2.79
+0.01
−0.01 - 1.26
+0.01
−0.01 282
+6
−3
1.49±0.02 1.2 (567/462)
Aug 21 (2318) 15 58351.94 1.3 7.2 7.7+0.1
−0.1 2.11
+0.02
−0.01 - 1.25
+0.01
−0.01 300
+8
−8
1.54±0.01 1.05 (405/384)
Aug 30 (2340) 16 58360.81 2.4 7.3 7.5+0.1
−0.1 - - 1.35
+0.01
−0.01 217
+7
−9
1.37±0.02 1.3 (623/451)
Sep 11 (2354) 17 58372.57 1.0 6.6 8.1+0.1
−0.1 2.16
+0.04
−0.02 6.8
l
1.26+0.01
−0.01 355
+22
−13
2.11±0.02 1.04 (448/431)
Sep 17 (2372) 18 58378.16 1.2 6.4 7.7+0.1
−0.1 2.09
+0.01
−0.01 6.8
l
1.28+0.01
−0.02 314
+40
−13
2.28±0.03 1.26 (523/414)
l Parameter pegged at bounds
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Figure 6. PDS in the energy range 3−10 keV from 2 different days of 2018 outburst from frequency range 0.005−10 Hz is plotted on the
left. Variation in rms with flux is plotted on the right. The magenta diamonds represent the observations from the 2018 outburst, while
the blue filled stars are from 2016. The blue unfilled star corresponds to Obs 2 which is presented for continuity (see text for details).
The arrows show the evolution of the rms with spectral states. The dotted arrows show the expected trend in variation of rms with flux.
4.4 Mass Estimation
Although 4U 1630-472 has undergone multiple outbursts
since its discovery which have been studied extensively
(Tomsick et al. 2005; Seifina et al. 2014; Capitanio et al.
2015, and references therein), a dynamical mass estimate
has not been obtained due to high absorption in the direc-
tion of the source. Hence, we attempt to constrain the mass
of the source using different methods as detailed in the sec-
tions below.
4.4.1 Using the inner disc radius and the bolometric
luminosity
It is evident that the disc component is prominent during
most of the AstroSat campaign. Using the apparent inner
disc radius (rin) obtained from the disc normalization (see
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Table 1), we can find the actual disc radius (Rin) using the
relation Rin = ξ .κ
2.rin (Kubota et al. 1998; Makishima et al.
2000). The inner disc radius is found to vary between 22 to
49 km for inclination varying from 60−70◦ (Tomsick et al.
1998; Seifina et al. 2014; King et al. 2014) and distance in
the range 10− 12 kpc (Seifina et al. 2014; Kalemci et al.
2018). Assuming the disc to be at innermost stable circular
orbit (ISCO), the mass of the compact object varies between
2.5 and 5.5 M⊙. Assuming a lower mass limit of 3 M⊙ for a
black hole, the mass range can be quoted as 3−5.5 M⊙.
Secondly, we attempt to constrain the mass of the com-
pact object following the method adopted for IGR J17091-
3624 by Altamirano et al. (2011). They assumed that the
source was emitting at Eddington luminosity at the peak of
the 2011−2013 outburst, where bolometric flux is obtained
as FBol = CBol,Peak F2−50 keV where CBol,Peak is a bolometric
correction factor ≤ 3, which is the upper limit as suggested
by Altamirano et al. (2011). AstroSat observed 4U 1630-472
while it underwent a transition from hard to soft state dur-
ing the rising phase of 2016 outburst and soft to interme-
diate state during the decay phase of 2018 outburst as a
secondary outburst was triggered. We fit the combined spec-
trum with the phenomenological model and extrapolate in
the harder energy range to find the unabsorbed flux from
2− 50 keV. During the soft to intermediate transition in
2018, the maximum flux of 2.1 ×10−8 ergs cm−2 s−1 was ob-
tained. Considering a representative case where the source
emits at Eddington luminosity, we obtain the mass of the
black hole as a function of distance for different values of
CBol,Peak (1, 2 & 3) as the relation between 2− 50 keV flux
and bolometric flux is unknown. With CBol,Peak = 1, the mass
of the compact object lies below 3 M⊙ for a distance range
of 10−12 kpc, which is unlikely. Therefore, defining a lower
limit of mass as 3 M⊙ and CBol,Peak > 1 and ≤3, mass range
is obtained as 3− 9 M⊙. However, the mass range so ob-
tained is based on the assumption that the source emits at
Eddington luminosity. Hence, in order to understand the
accretion dynamics and constrain the mass of the BH in-
dependent of the distance and luminosity, we model the
broadband spectra for selected observations using the two
component advective flow model (Chakrabarti & Titarchuk
1995; Chakrabarti & Mandal 2006; Iyer et al. 2015) in the
next section.
4.4.2 Modelling with the Two Component Advective Flow
We apply the two component flow model to the SXT
spectrum in the energy range 0.7 − 6 keV for Obs 1
and broadband energy spectra obtained using SXT and
LAXPC for the rest of the observations in the energy
range as specified in Table A.1. This model has been im-
plemented as a table model in XSPEC (Iyer et al. 2015)
and applied in several previous works (Nandi et al. 2018;
Radhika et al. 2018; Sreehari et al. 2019). The two com-
ponent accretion flow model assumes a geometrically thin
accretion disc comprising of a Keplerian flow of matter
at the equatorial plane, flanked by sub-Keplerian flow
of matter on either sides (Chakrabarti & Titarchuk 1995;
Chakrabarti & Mandal 2006). The radial flow in the Keple-
rian disc is always subsonic whereas the sub-Keplerian flow
is subsonic at the outer edge and becomes supersonic close
to the black hole horizon. The supersonic sub-Keplerian
flow encounters a centrifugal barrier on its inward jour-
ney towards the black hole that causes a shock transition.
Here the flow becomes subsonic, with the flow bulk ki-
netic energy getting converted to thermal energy (Das et al.
2001). This region beyond the shock is called a post-shock
corona (hereafter PSC) which is generally hot and dense.
This model has two spectral components, namely the Kep-
lerian disc which supplies the multi-colour blackbody pho-
tons of which a small fraction are inverse-Comptonized by
the hot electrons in the PSC producing the high energy
X-ray power law photons (Chakrabarti & Titarchuk 1995;
Chakrabarti & Mandal 2006). Unlike the free normalization
in the power-law component used in phenomenological spec-
tral modelling, the normalization of the high energy compo-
nent in the two-component model is decided by the geom-
etry of the PSC. This model has five parameters, namely,
mass of the BH (M), accretion rates of the Keplerian flow
(m˙d) and sub-Keplerian flow (m˙h), size of the PSC (xs) and
a free normalization. We have expressed M in terms of so-
lar mass (M⊙), accretion rates in terms of Eddington rate
(m˙Edd = 1.4×10
18 M gm s−1 with 10% efficiency) and radial
distance in units of rg = 2GM/c
2, where G is gravitational
constant and c is speed of light in vacuum.
We have done the spectral modelling of 4U 1630-472 us-
ing two component accretion flow model for a few selected
observations taken during the 2016 and 2018 outbursts. The
source evolved from hard to soft state during the rise of
the 2016 outburst, of which AstroSat observations exist for
the ‘canonical’ hard and soft states, whereas observations
from the soft state and the intermediate state are consid-
ered for the 2018 outburst (see Table 1, Figures 3 and 6b).
In the XSPEC implemented table model, the blackbody spec-
trum is calculated using the effective temperature (Te f f ) of
the Keplerian disc. In the present work, we have done a
custom implementation of the two-component model. Here,
we have calculated the multi-colour blackbody spectrum us-
ing a colour temperature instead of effective temperature
(Shimura & Takahara 1995) as,
Fν = piBν ( f Te f f )/ f
4,
where Fν is the local flux of radiation, Bν is the Planck func-
tion and f is called the hardening factor. This modification
is required, particularly for high accretion rates due to the
electron scattering at the inner part of the disc. We find that
f varies from 1.88−1.92 for the spectral fitting during HSS
whereas in the LHS the effect of spectral hardening is less
obvious.
We have used interstellar absorption model phabs along
with two component accretion flow model for spectral mod-
elling. An occasional requirement of Fe line represented
by gaussian is also used. In Figure 7, we have presented
the broadband spectral modelling of combined SXT and
LAXPC data using two component model for 2016 and
2018 outbursts in the left and the right panels separately.
As LAXPC data could not be used, only the SXT spectrum
is modelled for the LHS of 2016 outburst. The shock loca-
tion could not be constrained and hence it was frozen to
the value obtained in the next observation which was only a
few hours away. For the other observations, we see that the
model could fit the spectral data well with reasonably good
statistics. The residual variation of each fit is well within
2σ as shown in bottom panels of Figure 7. The model fitted
MNRAS 000, 1–16 (2020)
4U 1630-472: 2016 and 2018 outbursts 11
10−5
10−4
10−3
0.01
0.1
P
h
o
to
n
s
c
m
−
2
s
−
1
k
e
V
−
1
Obs 1 : LHS
O
b
s
7
:
H
S
S
2016
1 2 5 10
Energy (keV)
-2
0
2
χ
10−6
10−5
10−4
10−3
0.01
0.1
P
h
o
to
n
s
c
m
−
2
s
−
1
k
e
V
−
1
Obs 12 : HSS
Obs 17 : IMS
2018
1 2 5 10 20
Energy (keV)
-2
0
2
χ
Figure 7. Broadband spectra from LHS and HSS of 2016 outburst fit with two component flow model is shown in the left panel. The
right panel shows the spectra from HSS and IMS of 2018 outburst. The residuals are plotted in the bottom panel for both observations.
Black and green represent SXT observations whereas red and blue correspond to LAXPC data.
Table 2. Spectral fit parameters obtained using the two component flow model.
Year 2016 2018
LHS IMS HSS HSS IMSc
MJD 57627.05 57627.69 57663.03 58344.18 58372.16
NH (at./cm
2) 5.1 ± 0.5 7.8 ± 0.2 6.8 ± 0.2 7.1 ± 0.1 7.3 ± 0.1
Mass (M⊙) 7 ± 1 8.5 ± 0.2 7.2 ± 0.2 7.3 ± 0.2 7.7 ± 0.2
Shock Location (rg) 27
p 27 ± 1 6.0 ± 0.3 8.1 ± 0.1 8.9 ± 0.1
Halo rate (m˙Edd) 0.03 ± 0.01 0.04 ± 0.01 0.11
g
0.12g 0.2g
Disc rate (m˙Edd) 0.06 ± 0.03 0.55 ± 0.04 5.24 ± 0.09 4.7 ± 0.1 5.8 ± 0.1
χ2/do f 1.44 (36./25) 1.39 (193/152) 1.27 (416/328) 1.05(388/370) 1.11 (479/431)
c IMS observed during the secondary peak
p parameter frozen to the next observation
g Unable to constrain errors as m˙h plays minimal role in shaping the spectra
parameters along with the fitting statistics are presented in
Table 2. We observe a high absorption column density as
the source is located towards Galactic center. The column
density is particularly high in HSS, possibly indicating ex-
istence of disc wind (King et al. 2012). As seen from Table
1, the absorption column density values obtained using phe-
nomenological model lie in a similar range. The model fitted
parameters for HSS states in both 2016 and 2018 outbursts
are consistent as summarized in Table 2. In general, the Ke-
plerian disc accretion rate is high in the HSS and the inner
edge of the disc is closer to the BH whereas in the LHS the
size of the PSC is larger with a smaller value of disc ac-
cretion rate (m˙d). Thus the relative balance between these
two parameters (accretion rates) explain the state transition
observed in 2016 outburst. However, spectral data of 2018
outburst does not show significant spectral evolution (see
Table 1), and also the same is observed in the two compo-
nent model parameters as mentioned in Table 2. The errors
are estimated using the migrad method from the minuit li-
brary (James & Winkler 2004). All the errors are quoted at
68% confidence level unless stated otherwise.
Using our model formalism, we can estimate the dis-
tance to the source from the model normalization (N =
cos(i)/d2, where d is the distance in 10 kpc) of spectral fitting
provided the inclination of the system is known. The model
normalization may also be affected due to X-ray contribution
from the jet/outflow in the LHS and the current version of
the model considers the contribution only from the accretion
disc. Hence, we particularly consider the HSS observations
where the contribution from the jet/outflow is minimum to
constrain the distance to the source. The model normaliza-
tion provides a distance between 12−14 kpc for i = 60−70◦.
Also, in our spectral modelling, mass of the source is a free
parameter and estimates are consistent for both outbursts.
As summarized in Table 2, the mass of the source lies be-
tween 6−8.7 M⊙, which is a better constraint on the mass
estimate compared to the one obtained in Section 4.4.1.
5 DISCUSSION
5.1 A ‘mini’ sneak peak at the ‘super’-outburst
We perform detailed studies of the 2016 and 2018 outbursts
of 4U 1630-472 using AstroSat and MAXI data. Both out-
bursts seem to follow a similar profile, except for a smaller
secondary peak seen in the 2018 outburst, before the source
decays into quiescence (see Figure 3). During 2016 outburst,
the source undergoes a quick transition from hard to soft
state through an intermediate state. The IMS of decay phase
is longer than that in the rising phase. The source begins at
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Figure 8. The top panels show the outburst profiles for 1998, 1999 and 2002-2004 outbursts. The bottom panels show the corresponding
HIDs with data from RXTE/PCA (obtained on request, for details see Tomsick et al. (2005)). The ‘super’-outburst is divided into 3
regions based on the variation in flux and HR values. The circular head is present in the HID for 1998, 1999 outbursts and the last part
of 2002-2004 outburst although it is more defined in the 1999 outburst. The arrows show the direction of evolution in each case. No clear
evolution is seen in regions I and II.
the lower right of the HID in the LHS and moves to the up-
per left towards HSS. Slight variation in flux and hardness
ratio is seen hinting at a transition to an intermediate state.
This is represented by the circular head in Figure 4. Then
it moves back to the lower part of the plot completing an
elongated ‘c’. The source follows the path traced out by the
dotted lines in Figure 4 during the 2018 outburst too. How-
ever, the soft state in the 2018 outburst has slightly higher
HR values in comparison with the 2016 outburst. Similar
trend was seen during the 2010 outburst where a secondary
peak was observed during the decay phase at similar flux
(Capitanio et al. 2015). The HID of these outbursts does not
follow the typical ‘q’-profile (Figure 4) which is in agreement
with previous works (Tomsick et al. 2005; Capitanio et al.
2015). However, due to the large error bars seen in the HID,
the path traced out in the upper right of the HID is difficult
to discern clearly. Hence, we use RXTE/PCA data obtained
during the 1998 and 1999 outburst (see Figure 8, left panels)
to further confirm the profile observed in the HID of both
outbursts. We consider these two outbursts as an example
for classical ‘mini’-outburst (1999) and a short duration out-
burst with radio detection (1998).
The hardness ratio is defined as ratio of counts in 9−20
keV band to the counts in 3− 9 keV band. This is plotted
against the total counts in 3−20 keV band in the left panels
of Figure 8. The variation of the HR from 0.6 to < 0.1 takes
place in a few days during the 1999 ouburst, while the transi-
tion is more gradual in the 1998 outburst. This is also seen in
the 2016 and 2018 outbursts where the transition from hard
to soft state takes place very fast (see Figure 3). A circular
head is seen in both HIDs (Figure 8) which could correspond
to the intermediate region observed in 2016 and 2018 out-
bursts. Finally the source goes to the hard state through an
intermediate state during the decay (see Figure 8). This is
similar to what is observed by Capitanio et al. (2015) for the
2006, 2008 and 2010 outbursts. They reported that there is
no evidence of an initial transition from a hard state to a soft
state in the 2006 and 2008 outbursts. They suggest that the
transition happened very quickly or has not occurred at all.
However, the first RXTE/PCA observations of the source in
2006 was carried out ∼ 15 d after an increase in ASM flux
was reported and that for 2008 was done after 6 d of the
reported increase in flux. We show here for the first time,
that the hard to soft state transition occurs in a short time
and has probably not been picked up for previous ‘mini’-
outbursts. AstroSat observed the source on the first day it-
self of the 2016 outburst which shows that a transition from
hard to soft state occurred within a few hours (see Figure
3). It is clear from Figures 3 and 4, that transition between
different states has taken place in both outbursts. Although
the HID for 1998 outburst is harder and the circular head is
much smaller in the HID, we propose that the evolution of
the source during the outbursts of shorter duration follows
the ‘c’-shaped pattern as traced out in Figure 4. Also, the
transition from soft to hard state during the decay phase
was seen to occur at slightly lower luminosities than the ris-
ing phase hard to soft transition. Lower values of luminosity
during soft to hard transition was also observed during the
decay of the 2010 outburst (Tomsick et al. 2014). This is fur-
ther corroborated by the HID obtained using RXTE/PCA
data for the 1998 and 1999 outbursts of this source (Figure
8).
We also look into the outburst profile and HID of the
2002-2004 ‘super’-outburst to compare it with that of the
‘mini’-outburst. We divide the 2002-2004 lightcurve into 3
regions with each region comprising of a rise, peak and
decay to lower flux. This is shown in the top right panel
of Figure 8. It is found that the flux peaks in regions I
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and III occur with a time interval of ∼ 600 days between
them which is close to the recurrence period of the ‘mini’-
outbursts (Capitanio et al. 2015). Encouraged by this, we
plot the HIDs corresponding to these regions in the middle
(region I and II) and right panels (region III) at the bottom.
There does not seem to be any significant pattern in the
HID for regions I and II, with variation noticed in the HR
only at higher flux. The outburst profile and HID of region
III appear to be similar to that of the ‘mini’-outbursts with
a well defined pattern seen in the HID (rightmost panels of
Figure 8). The duration of this ‘mini’-outburst embedded
within the ‘super’-outburst is almost twice the regular du-
ration of 150− 200 days, extending to 311 days. Also, the
small circular head in the HID of ‘mini’-outbursts is greatly
elongated and more defined in this segment of the ‘super’-
outburst. Similar outburst profile is also seen for the 2012-
2014 ‘super’-outburst observed withMAXI although the du-
ration of this ‘mini’-outburst is ∼ 200 days. Unfortunately,
lack of complete coverage of the outburst by better resolu-
tion instruments prevents us from commenting on the HID
for this duration. The variation in flux of a BHB is gener-
ally attributed to the variation of mass accretion rate which
power the outbursts. The 2002-2004 outburst was considered
a standard outburst for 4U 1630-472 where clear state tran-
sitions were seen driven by change in mass accretion rate
(Tomsick et al. 2005). It was proposed by Capitanio et al.
(2015) that the recurrent ‘mini’-outbursts could be due to
periodic perturbations in the system, which trigger this vari-
ation and force the disc temperature to increase independent
of the disc accretion rate. These periodic perturbations can
be attributed to limit cycle of accretion disc ionization insta-
bility (Cannizzo 1993; Janiuk & Czerny 2011), a third body
orbiting around the binary system in a hierarchical configu-
ration (Parmar et al. 1995) or the constant refilling from a
companion star (Trudolyubov et al. 2001), all of which have
been reviewed by Capitanio et al. (2015). In this case, the
presence of a complete ‘mini’-outburst towards the end of
the ‘super’-outburst could suggest that the underlying mech-
anism for the origin of ‘super’ and ‘mini’-outbursts could be
the same with varying contributions from some external per-
turbation which is consistently present for all outbursts. De-
tailed spectro-temporal analysis of these two different types
of outbursts for its entire duration could hold the key to
further understanding of their physical origins.
5.2 Spectral and temporal evolution of 2016 and
2018 outbursts
In light of the inferences obtained from the outburst profiles
and HIDs of the source, we attempt to justify the classi-
fication of the outburst into different states based on the
spectral and temporal evolution. As is clear from Figure 5,
the source lies in the hard state at the beginning of the 2016
outburst with Γ ∼ 1.82 and the absence of a disc component.
The disc appears in Obs 3, indicating a quick transition to
an intermediate state. Although contamination from IGR
source makes it difficult to quote the values of rms during
the hard state, the value obtained is in the range 11−13 %
which is close to the rms expected from BHBs in LHS i.e.,
10− 30%. Tomsick et al. (2005) obtained rms in the hard
state as 9.6% during the 2002−2004 outburst, where a sig-
nificant QPO at ∼ 5 Hz was also reported. However, lower
count rate and lack of significant power above 1 Hz could
have possibly contributed to the non-detection of the QPO
in this case. Subsequent observations require a prominent
disc component and have lower rms (< 5%) in the 2016 out-
burst, similar to the rms obtained by Pahari et al. (2018),
suggesting that the source remained in the soft state (see
Figure 6b) for the remainder of the AstroSat campaign of
2016. This is also accompanied by an increase in flux in
the 0.7− 20 keV range (see Figure 6b). The 2018 outburst
observations of AstroSat seem to begin in the intermediate
state with total integrated rms close to ∼ 7% (see Figure
6b). For spectra which could extend beyond 10 keV, the
power law index increases till Obs 14, after which a sharp
decline is seen till the end of the AstroSat campaign (see
Table 1). The corresponding rms values also show a similar
trend, with an initial decrease towards the rms obtained for
the soft state of 2016 and then show a rise to ∼ 10% to-
wards the end of the 2018 outburst as the source brightens
in the hard energy band (see Figure 5) where the secondary
peak is observed (see Figure 3). Based on previous studies
(Dieters et al. 2000; Trudolyubov et al. 2001) and the ob-
served trend during these two outbursts of the source, we
can expect the rms in the hard state to reach a value of ∼
14%, which is shown by the dotted arrow in Figure 6b.
As is evident from Figure 5 and Table 1, the disc re-
mains prominent for most of the duration of AstroSat cam-
paign of 2016 and 2018 outburst. This suggests that the disc
may extend close to the black hole, with a patchy corona
on the disc surface (Zdziarski et al. 1996) for the HSS of
2016 outburst and all the available observations of 2018
outburst. Not much variation is seen in the luminosity and
temperature of source throughout the AstroSat campaign of
2016 and 2018 outbursts, except at the initial phase of the
2016 outburst. Therefore, a detailed discussion on the pres-
ence of different regimes proposed by Kubota et al. (2001);
Kubota & Makishima (2004) cannot be undertaken. Further
comments on the geometry of the source cannot be made as
application of more complicated models is limited by the
contamination of the IGR source.
5.3 Exploring an alternative perspective using
two component flow model
Although this source has been studied extensively, the mys-
tery of the recurring outbursts and ‘missing’ hard states have
prompted varied explanations on the nature and geometry
of the source (Parmar et al. 1995; Trudolyubov et al. 2001;
Capitanio et al. 2015). In this section, we explore an alter-
native model to explain the spectral evolution of the source
under the purview of the two component flow model.
We took three and two observations each, representative
of different states during the 2016 and 2018 outbursts with
clear variation seen in parameters. As detailed in Table 2 and
Section 4.4.2, an increase in the disc accretion rate is seen as
the source transits from LHS to HSS. The size of the PSC is
also larger in the IMS (see Table 2). The larger value of the
shock location during LHS and IMS of 2016 outburst relative
to the other observations is consistent with the fact that the
disc resides away from the black hole. Disc accretion rates
are higher in all observations of 2018 outburst where the disc
component is prominent. However, there is also a slight in-
crease in the halo accretion rate, accompanied by an increase
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in the shock location, suggesting an impending transition to
a harder state. Although, it is to be noted that the errors on
the halo accretion rates could not be constrained as the role
of halo contribution is minimal (m˙h << m˙d) for the softer
states. We find that the disc accretion rate is very high (∼ 5
m˙Edd) for the soft states in both outbursts where the lumi-
nosity is close to Eddington luminosity for a given distance
and inclination of the source. This is because the Keplerian
disc terminates at 6−9 rg (see Table 2) where the accretion
efficiency is ∼ 2.5% for a Schwarzschild black hole. We ex-
pect this accretion rate to be reduced by a factor of 5 for
an extremely rotating black hole. Theoretical studies of the
two-component flow on a spinning BH (Mandal & Mondal
2018; Dihingia et al. 2020) show that the spectrum becomes
relatively harder and is consistent with the reduction of ac-
cretion rate. However, inclusion of spin of the BH may alter
the mass of the BH slightly as the accretion efficiency is
weakly dependent on mass. It should also be stated that the
contribution from jet/outflow are not taken into considera-
tion for this application of the model. This could also affect
the model normalisation as the current version of the model
only considers the X-ray contribution from the accretion
disc, as mentioned earlier. Also, an independent inclusion
of gaussian is required along with the two component flow
model because the associated physical process is not self-
consistently included in the model currently. These could
slightly affect the fit parameters. Following the inclusion of
spin of the BH and these modifications, the model will be
applied on previous outbursts of the source for comprehen-
sive understanding which will be presented elsewhere.
6 SUMMARY AND CONCLUSIONS
In this paper, we study the 2016 and 2018 outbursts data
using AstroSat and MAXI. Based on the HID and spectral
parameters, we attempt to classify the outburst on different
states. We also try to obtain a mass estimate using different
methods. The results are summarized as follows:
• We attempt a global picture of the outburst and evo-
lution of the source 4U 1630-472 for the ‘mini’-outbursts
which last from 150−200 days based on the 2016, 2018 out-
bursts as shown in Figures 3 & 4. We also cross-verify it
with the evolution of the 1998 and 1999 outbursts. The HID
seems to follow a ‘c’-shaped profile with a circular head at
the upper end. A similar profile is seen towards the end of
the ‘super’-outburst of 2002-2004 with an elongated head.
• The spectral and temporal characteristics of the source
during the course of the two outbursts are studied. Although
no QPOs are observed during any of the observation, we are
able to categorize them into LHS, HSS and IMS states, based
on the spectral parameters. However, further classification
into HIMS and SIMS is not possible due to non-detection
of QPOs and absence of high energy spectra from LAXPC
due to possible contamination from the nearby source IGR
J16320-4751.
• Mass of the compact object in the source 4U 1630-472
is estimated by three different methods, i.e., from the inner
disc radius as 3− 5.5 M⊙, from the bolometric luminosity
as 3−9 M⊙ and and from spectral modelling using the two
component flow model as 6− 8.7 M⊙. Combining these re-
sults, we find the BH mass to lie within a range of 3− 9
M⊙.
• The two component flow model seems to satisfactorily
explain the spectral state transitions while retaining the pre-
ferred geometry for hard and soft states. Application of this
model to other outbursts will be attempted later to justify
its applicability.
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APPENDIX A: PULSATION STUDIES OF IGR
J16320-4751
To estimate the contamination due to IGR, we carried out
pulsation analysis of the entire observations of AstroSat
of 2016 and 2018 outburst of 4U 1630-472. The LAXPC
lightcurves in 3−80 keV energy band with a time bin of 1 sec
were used to generate the χ2 plot with respect to the period.
In order to find out the pulsation of the nearby source IGR,
we used efsearch tool of Xronos version 5.22. The default
epoch of the observation was set for searching the period
of 1310 sec (Rodriguez et al. 2006). The default phase bin
per period was set to 10. Thus, it creates the bin time to
131 sec. The resolution for period search was set to 1.5 sec
and the number of the search frequency was set to 32. These
default parameters were used for searching the pulse period
which gave the expected cycle of 68.97 with 690 newbins per
interval for the ObsID 0698 (2016 outburst) and 142.03 ex-
pected cycle with 1421 newbins per interval for the ObsID
2318 (2018 outburst).
We find the pulsation varying from 1314 ± 2 s for ObsID
0698 to 1320 ± 1 s for ObsID 2318. Summary of the pulse
period detected in other ObsIDs are summarized in Table
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Table A.1. Summary of detected pulse period along with typical contribution of IGR J16320-4751 for each
observation of 2016 and 2018 outburst. The pulse fraction considered nominal value of 20% (Rodriguez et al.
2006) to estimate the contribution of IGR.
Obs ObsID Exp. Pulse Period Pulse Amplitude Typical contribution IGR cts/Total cts Energy band
(ks) (s) (c/s) from IGR source (c/s) (Contamination %) used (keV)
2016
3 0626 10.4 1293 ± 1 6 15 15/144 (10.4) 3−10
4,5 0686 51 1299 ± 5 6 15 15/715 (2.1) 3−13
6,7 0698 41 1314 ± 2 8 20 20/715 (2.8) 3−13
2018
8,9 2274 24 1316 ± 4 20 50 50/900 (5.6) 3−13
10 2282 10 1323 ± 5 40 100 100/880 (11.4) 3−10
11 2294 10 1299 ± 3 30 75 75/785 (9.6) 3−10
12 2298 9 1342 ± 5 30 75 75/770 (9.7) 3−10
13 2304 10 1316 ± 4 20 50 50/768 (6.8) 3−13
14,15 2318 80 1320 ± 1 4 10 10/704 (1.4) 3−13
16 2340 11 1316 ± 5 30 75 75/731 (10.3) 3−10
17 2354 11 1327 ± 5 20 125 125/954 (13.1) 3−20
18e 2372 10 - - - - 3−20
e Unable to constrain period
Table A.2. Results of spectral fits using phenomenological model
to source spectrum after subtraction of IGR spectrum is presented
here. Spectral parameters are close to those in Table 1 for corre-
sponding observations. Similar variation in parameters is observed
for all the observations.
Obs NH Γ Eline Tin Normdisk χ
2
red
(ObsID) (×1022 at/cm2) (keV) (keV) χ2/do f
14 8.1+0.1
−0.1 2.9
+0.1
−0.2 - 1.27
+0.01
−0.01 273
+13
−13
1.24
2318 (575/462)
17 8.03+0.05
−0.09 2.14
+0.01
−0.01 6.8
l
1.27+0.01
−0.01 339
+13
−13
1.04
2354 (452/431)
l Upper limit
Figure A.1. Pulse profile of ObsID 2318, showing pulse ampli-
tude of 4 c/s.
A.1. In order to find out the contribution of IGR J16320-
4751 in each observation of 4U 1630-472, we calculated the
pulse profile for the period around 1300 s. In Figure A.1,
we plot the flux variation of ObsID 2318 to show the pulse
profile, which shows the amplitude of pulsation is 4 cps. The
detected period is around 1314.5 sec, which is close to the
earlier report in the literature. The pulse fraction of this
source is reported in the range of 18−26% (Rodriguez et al.
2006). We adopt a nominal value of 20% to get the total
expected counts. Considering the offset for this pulse ampli-
tude and assuming a pulse fraction of 20%, this translates
to about 10 c/s, while the total count rate is about 700 c/s
(see Table A.1). This gives the contamination of 1/70, which
is very small and can possibly be neglected. Table A.1 gives
the pulse period, pulse amplitude and typical contribution
from the IGR source in each ObsID. The pulse amplitude
is then used to obtain the relative contribution from the
IGR source as a fraction of the total counts observed for
that particular ObsID which is represented as the contami-
nation percentage. Following similar approach, we estimate
the contribution of IGR source for each observation which
is presented in Table A.1.
The source IGR has a hard spectrum as compared to
4U 1630-472 and as a result even with this low counts, it
can contribute to some extent at high energies. To account
for this we scale the simulated spectrum of IGR to give the
estimated count rate using LAXPC response for an offset of
0.5◦. This spectrum is compared with the observed spectrum
and we restrict our analysis to the range where the contri-
bution of contaminating source is less than 5%. As a further
check we do two fits, one using the observed spectrum and
another after subtracting the contribution of the contami-
nating source to check if the effect is significant. This two
pronged approach helps us to determine the energy range
that can be considered absolutely contamination free in the
worst case scenario. The parameters obtained for two sample
cases in ObsID 2318 and 2354 are given in Table A.2. Com-
paring with the parameters in Table 1, it can be seen that
the spectral fits with and without the IGR spectrum sub-
tracted are comparable. Based on these studies, the energy
band considered for each ObsID is given in the last column
of Table A.1.
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